Human cytomegalovirus (HCMV) persists as a subclinical, lifelong infection in the normal human host, but reactivation from latency in immunocompromised subjects results in serious disease. Latency and reactivation are defining characteristics of the herpesviruses and are key to understanding their biology; however, the precise cellular sites in which HCMV is carried and the mechanisms regulating its latency and reactivation during natural infection remain poorly understood. Here we present evidence, based entirely on direct analysis of material isolated from healthy virus carriers, to show that myeloid dendritic cell (DC) progenitors are sites of HCMV latency and that their ex vivo differentiation to a mature DC phenotype is linked with reactivation of infectious virus resulting from differentiation-dependent chromatin remodeling of the viral major immediate-early promoter. Thus, myeloid DC progenitors are a site of HCMV latency during natural persistence, and there is a critical linkage between their differentiation to DC and transcriptional reactivation of latent virus, which is likely to play an important role in the pathogenesis of HCMV infection. P rimary infection of healthy individuals with human cytomegalovirus (HCMV) is often asymptomatic and results in lifelong persistence in the host, a characteristic of all herpes viruses. However, primary infection and reactivation of latent HCMV causes serious disease in immunosuppressed transplant recipients and in advanced HIV infection (1-3). Transfusionmediated HCMV disease can be prevented by leukocyte depletion (4) of blood, but infectious virus cannot be detected in the blood of healthy carriers, suggesting that HCMV is transmitted as latent virus in the peripheral blood leukocyte population. Accumulating evidence has shown that HCMV is carried latently in mononuclear cells of the myeloid lineage during lifelong latency in naturally infected individuals (5-8). Differentiation of monocytes to macrophages in vitro is reported to induce immediate-early (IE) lytic gene expression from latent virus (9), and groups have intermittently reported that infectious virus can be recovered after differentiation of monocytes to macrophages through explant culture (10) and, more recently, by allogeneic T cell stimulation (11), suggesting that reactivation of latent virus is associated with both the differentiation and activation state of myeloid cells.
Human cytomegalovirus (HCMV) persists as a subclinical, lifelong infection in the normal human host, but reactivation from latency in immunocompromised subjects results in serious disease. Latency and reactivation are defining characteristics of the herpesviruses and are key to understanding their biology; however, the precise cellular sites in which HCMV is carried and the mechanisms regulating its latency and reactivation during natural infection remain poorly understood. Here we present evidence, based entirely on direct analysis of material isolated from healthy virus carriers, to show that myeloid dendritic cell (DC) progenitors are sites of HCMV latency and that their ex vivo differentiation to a mature DC phenotype is linked with reactivation of infectious virus resulting from differentiation-dependent chromatin remodeling of the viral major immediate-early promoter. Thus, myeloid DC progenitors are a site of HCMV latency during natural persistence, and there is a critical linkage between their differentiation to DC and transcriptional reactivation of latent virus, which is likely to play an important role in the pathogenesis of HCMV infection. P rimary infection of healthy individuals with human cytomegalovirus (HCMV) is often asymptomatic and results in lifelong persistence in the host, a characteristic of all herpes viruses. However, primary infection and reactivation of latent HCMV causes serious disease in immunosuppressed transplant recipients and in advanced HIV infection (1) (2) (3) . Transfusionmediated HCMV disease can be prevented by leukocyte depletion (4) of blood, but infectious virus cannot be detected in the blood of healthy carriers, suggesting that HCMV is transmitted as latent virus in the peripheral blood leukocyte population. Accumulating evidence has shown that HCMV is carried latently in mononuclear cells of the myeloid lineage during lifelong latency in naturally infected individuals (5) (6) (7) (8) . Differentiation of monocytes to macrophages in vitro is reported to induce immediate-early (IE) lytic gene expression from latent virus (9) , and groups have intermittently reported that infectious virus can be recovered after differentiation of monocytes to macrophages through explant culture (10) and, more recently, by allogeneic T cell stimulation (11) , suggesting that reactivation of latent virus is associated with both the differentiation and activation state of myeloid cells.
The major IE genes of HCMV, driven by the viral major IE promoter͞enhancer (MIEP), are the two most abundantly transcribed genes at IE times of virus lytic infection (12) , and their proteins play a critical role in control of viral early and late gene expression (for review, see ref. 12) . Consistent with the differentiation-dependent induction of IE gene expression observed above, there is a clear correlation between the differentiation state of the cell and the regulation of HCMV IE gene expression in vitro. Thus, in transfection assays, the MIEP is transcriptionally repressed in undifferentiated but transcriptionally active in differentiated, monocytic cell lines (13) (14) (15) . Similarly, in model systems experimentally infected in vitro HCMV IE gene expression only occurs in differentiated myeloid cells (13, 16) , and this observation is correlated with a closed chromatin conformation around the MIEP after infection of nonpermissive monocytic cells but an open chromatin conformation after infection of macrophages (17) .
Thus, although experimental infections in vitro indicate that HCMV may be carried in cells of the myeloid lineage and that viral gene expression depends on their state of differentiation, the myeloid lineage represents a heterogeneous population of cells and the precise site of HCMV latency and mechanism of its reactivation in vivo remain undefined. We wished to determine specifically whether myeloid lineage dendritic cells (DC) are a significant site for latency of HCMV during natural persistent infection and, if so, how latency and reactivation in this cell type might be controlled.
DC are specialized antigen-presenting cells which, in common with several other cell types, such as endothelial cells, can be experimentally infected with HCMV in vitro (18, 19) . There are at least two types of myeloid lineage-derived DC: the Langerhans DC that are located in the epithelium (and could, therefore, be one of the first cell types to encounter HCMV after infection) and the interstitial DC that reside in deeper-lying tissues (reviewed in ref. 20) . Consequently, we took advantage of recent methods for generating defined DC populations ex vivo. Highly purified populations of Langerhans-like DC derived from purified CD34 ϩ cells (21) or interstitial DC derived from monocytes (22) were isolated from HCMV seropositive and seronegative individuals and analyzed for the presence of viral genome. It must be emphasized that all of the data we show refer to the specific analysis of naturally acquired HCMV in cells isolated from healthy, long-term HCMV seropositive individuals. Our study thus represents an ex vivo analysis of factors that regulate the latency and reactivation of naturally acquired HCMV in healthy virus carriers.
Materials and Methods
Purification of CD34 ؉ Hematopoietic Stem Cell Leukapheresis Products. Normal hematopoietic stem cell transplant donors to whom granulocyte colony-stimulating factor had been administered for stem cell mobilization, with Ͼ1% of CD34 ϩ cells as a constituent of their peripheral blood mononuclear cells, were asked to donate part of a standard (60 ml) leukapheresis. Informed consent was obtained from all patients, and the protocol was approved by the Cambridge Local Research Ethics Committee. CD34 ϩ stem cells were purified from the leukapheresis material by using a midiMACS positive selection system (CD34 ϩ progenitor isolation kit). Cells were isolated as described by the manufacturer (Miltenyi Biotec, Auburn, CA). The purity of CD34 ϩ cells after selection varied from 80% to 95%. Purified CD34 ϩ cells were frozen at concentrations of 5 ϫ 10 6 per aliquot.
Purification of Monocytes from Peripheral Blood. The mononuclear cells from 50 ml of blood, donated by healthy volunteers, were isolated on a lymphoprep density gradient. Further isolation of the monocyte fraction was then performed by using a midi-MACS negative selection system (Monocyte isolation kit) as described by the manufacturer (Miltenyi Biotec).
Culture of DC. CD34 ϩ cells were seeded at 2 ϫ 10 5 per ml in X-vivo 15 (BioWhittaker) supplemented with type ␤ TGF (500 ng͞ml), TNF-␣ (2.5 ng͞ml), stem cell factor (20 ng͞ml), Flt-3L (100 ng͞ml), granulocyte͞macrophage colony-stimulating factor (GM-CSF) (100 ng͞ml), and 2 mM L-glutamine and cultured for 7 days as described in ref. 21 . Alternatively, monocytes were seeded at 5 ϫ 10 5 per ml in X-vivo 15 supplemented with 10% Human AB Serum (Sigma-Aldrich), 2 mM L-glutamine, IL-4 (1,000 units͞ml; PeproTech) and GM-CSF (1,000 units͞ml; PeproTech, Rocky Hill, NJ) for 6 days (22) . Maturation of immature DCs was promoted by addition of LPS for 48 h (50 ng͞ml; Sigma-Aldrich).
Amplification of HCMV DNA by IE-PCR.
A 310-bp fragment from the IE region of the HCMV genome (between nucleotides 172468 and 172778) was amplified from cellular DNA purified from seropositive donors' cells by PCR with sense primer (5Ј-CGT CCT TGA CAC GAT GGA GT-3Ј) and antisense primer (5Ј-ATT CTT CGG CCA ACT CTG GA-3Ј). PCR products were transferred to nitrocellulose and hybridized to an IEspecific [ 32 P]radiolabeled probe (Amersham Pharmacia). A 201-bp probe fragment was generated from the IE region of the HCMV genome (between nucleotides 172535 and 172736) by using sense primer (5Ј-CCC TGA TAA TCC TGA CGA GG-3Ј) and antisense primer (5Ј-CAT AGT CTG CAG GAA CGT CGT-3Ј). All amplifications by PCR were performed by using Amplitaq Gold (Applied Biosystems) and the addition of 3ϫ MasterAmp PCR Enhancer (Cambio, Cambridge, U.K.). The cycle parameters for all PCR amplifications were a 95°C phase for 5 min to activate the Amplitaq Gold DNA polymerase, followed by 65 cycles of 94°C (40 s), 55°C (40 s), and 72°C (90 s).
Amplification of IE-RNA by RT-PCR. The primers used to amplify viral DNA were used to amplify cellular RNA isolated from seropositive donors' cells by RT-PCR with the same conditions outlined for the IE-PCR for detection of HCMV DNA. The primers spanned the intron between exon 2 and exon 3 and, thus gave, rise to a 196-bp product by RT-PCR. Reverse transcription of mRNA was achieved by using an amphotropic murine leukemia virus reverse transcriptase kit (Roche Diagnostics) as described by the manufacturer.
Amplification of Cellular DNA and RNA by PCR. A 302-bp product was amplified from the cellular ␤-globin gene by using sense primer (5Ј-TGT CCA CTC CTG ATG CTG TT-3Ј) and antisense primer (5Ј-GGA TTC TAA ACT GTA CCC TG-3Ј) in a 25-cycle PCR.
A 370-bp product was amplified from cellular histidyl tRNA synthetase mRNA by RT-PCR with a sense primer (5Ј-TCA TCA GGA CCC AGC TGT GC-3Ј) and an antisense primer (5Ј-CTT CAG GGA GAG CGC GTG CG-3Ј) in a 35-cycle PCR.
Chromatin Immunoprecipitation (ChIP) Assay. ChIPs were carried out essentially as described in refs. 17 and 23.
CD34 ϩ cells, CD34 ϩ cell-derived DCs, monocytes, and monocyte-derived DCs were fixed with 1% formaldehyde and then lysed. DNA associated with histones was immunoprecipitated with control serum (Sigma-Aldrich), antiacetyl histone H4 antiserum (ChIP grade, 1:200 dilution; Upstate Biotechnology, Charlottesville, VA) or anti-heterochromatin protein 1 (HP1) antiserum (1:200 dilution; Serotec) as described in ref. 17 .
For detection of the MIEP of HCMV, DNA from disrupted nucleosomes was precipitated and amplified by PCR with sense primer (5Ј-TGG GAC TTT CCT ACT TGG-3Ј) and antisense primer (5Ј-CCA GGC GAT CTG ACG GTT-3Ј) complementary to positions Ϫ272 and ϩ13 relative to the MIEP start site. PCR products were transferred to nitrocellulose and hybridized to an MIEP-specific [ 32 P]radiolabeled probe (Amersham Pharmacia). The probe fragment was generated by PCR of HCMV DNA by using sense primer (5Ј-ATT ACC ATG GTG ATG CGG TT-3Ј) and antisense primer (5Ј-GGC GGA GTT GTT ACG ACA T-3Ј). All amplifications by PCR were performed by using Amplitaq Gold and the addition of 2ϫ MasterAmp PCR Enhancer. The cycle parameters for amplification by PCR were 95°C for 5 min and then 50 cycles at 94°C (40 s), 50°C (40 s), and 72°C (90 s).
Amplification of the HS4 gene by PCR was performed used sense primer (5Ј-TGG CAT CTA GCG CAA TGA CTT-3Ј) and antisense primer (5Ј-GGG CAA GCC ATC TCA TAG CTG-3Ј), which have been used in previous analyses of this region (24) .
Western Blot Analysis of Protein Expression. Protein samples from CD34 ϩ cells, CD34
ϩ -derived DCs, monocytes, and monocytederived DCs were separated by SDS͞PAGE electrophoresis on 10% polyacrylamide gels. After transfer to nitrocellulose filters, blots were incubated with anti-YY1 (Yin Yang 1) antibody (clone H414 used at 40 ng͞ml; Santa Cruz Biotechnology), anti-ERF (Ets-2 repressor factor) antibody (Santa Cruz Biotechnology; used at 40 ng͞ml) or anti-HDAC (histone deacetylase) 1 polyclonal antiserum (25) . Primary antibodies were detected with an appropriate horseradish peroxidase-conjugated antibody. Protein bands were detected by using enhanced chemiluminescence (Amersham Pharmacia) according to the manufacturer's instructions.
Coculture of CD34 ؉ Cell-Derived DCs with Human Fibroblasts (HFs).

Mature CD34
ϩ cell-derived DCs (5 ϫ 10 6 ) were cultured on a confluent monolayer of HF. Samples of supernatants were taken and used to inoculate fresh HF to test for infectious virus. Twenty-four hours after infection, the HF were permeabilized (70% ethanol at Ϫ20°C for 10 min) and stained for IE protein expression in the nuclei by using a mouse anti-IE72͞IE86 antibody (clone E13, Argene, Varilhes, France). Detection was performed by using an FITC-conjugated anti-mouse IgG antibody (Sigma).
Results
Monocytes isolated from seropositive and seronegative donors were differentiated to monocyte-derived DC, and then the DNA isolated from equivalent numbers of monocyte-derived DC and their monocyte precursors was subjected to PCR for HCMV DNA. As expected (see ref. 7), a 308-bp HCMV IE-specific PCR product was consistently amplified from DNA isolated from the monocytes of seropositive subjects (Fig. 1a, lane 4 , and Figs. 6a and 7b, which are published as supporting information on the PNAS web site). However, the same 308-bp PCR product was also detected in DNA from highly purified immature and mature monocyte-derived DC of seropositive individuals [Figs. 1a (lanes 5 and 6), 6a, and 7b] establishing that monocyte-derived DC also carry naturally acquired HCMV. No viral DNA was detected in the monocytes, immature monocyte-derived DC or mature monocyte-derived DC of seronegative individuals [Figs. 1a (lanes 1-3) and 6a].
We performed the same analysis on CD34 ϩ myeloid progenitor-derived DC and their precursors. The pure populations of mature CD34 ϩ cell-derived DC were generated from mobilized CD34 ϩ cells isolated from the blood of stem cell donors, and although we have previously shown that CD34 ϩ cells isolated directly from the bone marrow of normal donors carry naturally acquired HCMV DNA (8) , it was necessary to confirm that these CD34 ϩ cells mobilized with granulocyte colony-stimulating factor also carried HCMV DNA. Again, viral genome was specifically detected in 1 g of DNA isolated from Interestingly, a comparison of the DNA PCR results from monocytes and mature monocyte-derived DC and from CD34 ϩ cells and mature CD34 ϩ cell-derived DC regularly showed that the differentiated cells contained more HCMV DNA than their undifferentiated counterparts in multiple donors (eight seropositive individuals were analyzed in total). Because genomic DNA from equivalent cell numbers was always assayed (Fig. 1 b and  d) , this result implies that differentiation results in an induction of viral DNA replication. Further experiments were performed in which DNA samples isolated from healthy, long-term HCMV seropositive individuals were amplified by IE-PCR (Fig. 7b) concurrently with a titration of viral genomes of a known copy number (Fig. 7a) . After Southern blot hybridization, a direct comparison with the titration performed concurrently (Fig. 7a) showed Ϸ100 copies of viral genome were detected in 10 5 CD34 ϩ cells which, upon differentiation, increased in copy number by at least 10-fold to Ϸ1,000 copies of viral genome in mature CD34 ϩ -derived DC (Fig. 7b) . However, to more accurately define the genome copy number per cell, it would be necessary to perform either single-cell PCR or limiting dilution analyses. Nevertheless, such increases in the amount of viral genome, as monocytes or CD34 ϩ cells differentiate to mature DC cells, could represent the activation of viral DNA replication and, if true, this replication would require the induction of a viral IE gene expression that is critically important for the subsequent expression of the viral early and late gene products, which include the viral DNA replication machinery (12) .
To determine whether DC differentiation does indeed induce lytic gene expression, RT-PCR was performed on 10 g of total RNA isolated from monocytes, monocyte-derived DC, CD34 ϩ cells and CD34 ϩ cell-derived DC (Fig. 2) . No IE gene expression could be detected in monocytes or immature monocyte-derived DC [ Fig. 2a (lanes 5 and 6) and Fig. 8 ϩ cell-derived DC also showed that differentiation resulted in induction of IE gene expression from naturally acquired virus. Specifically, no IE gene expression was detected in CD34 ϩ cells from duplicate samples of two seropositive donors (Fig. 2c, lanes 1-4) even though they clearly carried viral genome [Figs. 1c (lane 1) and 6b (lane 5)] . However, differentiation of these cells to mature CD34 ϩ cellderived DC resulted in an induction of viral IE gene expression (Fig. 2c, lanes 5-8) . We did not detect IE gene expression in immature monocyte-derived DC even though they did appear to increase DNA copy number (Fig. 1a, lane 5) . We presume that this finding is due to the sensitivity of the IE-RT-PCR and that the additional time culturing immature DC to mature DC leads to increases in steady-state levels of IE RNA that is then detectable by PCR. We confirmed that the lack of IE gene expression in CD34 ϩ cells and monocytes was not due to a nonspecific inability to amplify mRNA from CD34 ϩ cells or monocytes by a histidyl tRNA synthetase RT-PCR in which an amplified product was observed from all samples (Fig. 2 b and  d) 17 . A PCR specific for the viral MIEP was then carried out to determine whether the MIEP was associated with acetylated histones or HP1 protein. Fig. 3 shows that the MIEP of latent naturally acquired HCMV in CD34 ϩ cells is clearly associated with HP1 (Fig. 3a, lane 2) and not acetylated histones (Fig. 3a,  lane 3) , which is consistent with the lack of IE gene expression seen in these cells (Fig. 2c, lanes 1 and 2) . Differentiation of the CD34 ϩ cells to mature DC results in a loss of HP1 association with the viral MIEP (Fig. 3b, lane 2) , where it is replaced with an association with acetylated histones (Fig. 3b, lane 3) , which is consistent with the detection of IE gene expression in these cells observed previously (Fig. 2c, lanes 5 and 6) . We included a control PCR on the samples targeting the HS4 region of the cellular ␤-globin locus control region to preclude the possibility that any negative immunoprecipitation was due to a nonspecific inability to immunoprecipitate chromatin. The HS4 region of the cellular ␤-globin promoter is acetylated in CD34 ϩ cells and becomes deacetylated͞methylated upon differentiation (29) . Consistent with this analysis, we observed that the HS4 region was associated with acetylated histones in CD34 ϩ cells (Fig. 3c,  lane 4) , but in mature CD34 ϩ cell-derived DC, it became associated with HP1 (Fig. 3c, lane 7) although some histones remained acetylated (Fig. 3c, lane 8) . Thus, we can be confident that the changes in chromatinization of the MIEP were a result of differentiation and not due to the failure of the antibodies to bind chromatin in some samples.
We next asked whether differentiation of monocytes to monocyte-derived DC with concomitant reactivation of viral IE expression (see Fig. 2 ), was also associated with chromatin remodeling of the naturally acquired viral MIEP as observed in CD34 ϩ cells. ChIP assays of monocytes or mature monocytederived DC showed that the viral MIEP is not associated with acetylated histones (Fig. 3d, lane 3 ) but with HP1 (Fig. 3d, lane 2) in undifferentiated monocytes. However, in differentiated mature monocyte-derived DC, the histones associated with the MIEP of naturally acquired virus are predominantly acetylated (Fig. 3d, lane 6 ) and the MIEP is no longer associated with the HP1 protein (Fig. 3d, lane 5) . These changes in the architecture of the chromatin bound to the naturally acquired viral MIEP associated with differentiation of CD34 ϩ cells or monocytes to mature DC are entirely consistent with reactivation of virus from latency occurring through chromatin-mediated transcriptional activation of the viral MIEP.
The differentiation-dependent remodeling of the viral MIEP in monocytes or CD34 ϩ cells and their mature DC derivatives clearly raises the question of what factors regulate such chromatin remodeling of this viral promoter. Indeed, a number of defined cellular transcription factors that can bind to specific sequences in the MIEP and also repress MIEP activity in in vitro assays have been identified (30) (31) (32) (33) (34) and, intriguingly, two such factors identified, YY1 (30) and ERF (32), may require HDACs as corepressors to exert their function (35, 47) . Because differentiation-dependent changes in the levels of these factors appear to be important during the switch in phenotype from nonpermissiveness to permissiveness for HCMV infection in model cell lines (17), we analyzed the expression of these proteins during DC differentiation. Western blot analysis (Fig. 4) shows that the significant changes in YY1 (Fig. 4a) and ERF (Fig. 4b) expression did not occur upon differentiation of monocytes (lane 1) to monocyte-derived DC (lane 2). In contrast, a significant decrease in the levels of HDAC1 (Fig. 4c) upon differentiation of 3) and seropositive mature monocyte-derived DC (lanes 4 -6) were incubated with control serum (lanes 1 and 4) , anti-HP1 (lanes 2 and 5), or antiacetylated histone H4 (lanes 3 and 6) antibodies.
monocytes (lane 1) to mature monocyte-derived DC (lane 2) was observed. This finding is consistent with a previous analysis of embryonal carcinoma cells (17) , which are normally nonpermissive for experimental HCMV infection because of a block in viral IE promoter activity but which can be differentiated to a permissive phenotype with retinoic acid (36) and entirely consistent with increased acetylation of histones bound to the MIEP after differentiation (Fig. 3b) .
Finally, having observed that differentiation of CD34 ϩ cells to mature DC results in the remodeling of the viral MIEP and induction of lytic gene expression from naturally acquired HCMV, we asked whether the differentiation of CD34 ϩ cells to mature CD34 ϩ cell-derived DC resulted in the reactivation and release of infectious virus. These analyses were performed specifically on the same mature CD34 ϩ cell-derived DC in which IE gene expression was detected (Fig. 2c) . Cell-free supernatants taken from mature CD34 ϩ cell-derived DC cocultured with primary HF for 12-15 days were assayed for infectious virus by addition to fresh fibroblasts. Twenty-four hours later, the fibroblasts were stained for the presence of viral major IE antigens. The analysis of these mature CD34 ϩ cell-derived DC samples from three HCMV seropositive and one HCMV seronegative donors is shown (Fig. 5) . Infectious virus was clearly detectable in the supernatants of mature CD34 ϩ cell-derived DC from all seropositive individuals (Fig. 5 c, e, and g) . Two of these individuals were the same donors in which the induction of lytic gene expression had been observed (Fig. 2c) and one in which chromatin remodeling was observed (Fig. 3 a and b) . In contrast, no infectious virus was detected in supernatants from the mature CD34 ϩ cell-derived DC supernatant from the seronegative subject (Fig. 5a ).
In total, we have analyzed four mature CD34 ϩ cell-derived DC samples from seropositive donors for such reactivation of infectious virus. In three of four cases, virus reactivation was routinely observed in triplicate fibroblast cocultures. Interestingly, in the single case where HCMV reactivation was not observed, no IE gene expression could be detected in the mature CD34 ϩ -derived DC by RT-PCR (data not shown). One possibility is that the ''latent viral HCMV load,'' which is the frequency of CD34 ϩ cells carrying HCMV genomes, may be an important determinant of whether viral reactivation can be observed in vitro. For instance, the seropositive individual from which reactivation could not be detected had markedly lower levels of viral DNA in the mature CD34 ϩ -derived DC (Fig. 6c) in comparison with the cells of donors observed to reactivate HCMV (Figs. 1c and 6b) . Interestingly, it has been shown that reactivation of HSV1 from latently infected ganglia may depend on the viral copy number of the latently infected neuron (37) .
Discussion
Analyses of the mechanisms that control HCMV latency and reactivation have been limited by the relatively low frequency of cells carrying viral genomes in vivo. Indeed, the fraction of cells carrying HCMV genomes in healthy seropositive subjects has been estimated to be only 0.01% of the total granulocyte colonystimulating factor mobilized (bone marrow-derived) mononuclear cell population (6) . Consequently, studies of HCMV latency have relied heavily on the use of experimental infection of nonpermissive myeloid precursors to generate populations of cells that are infected at high frequencies and then used as models of latency in vitro (38) (39) (40) (41) . After such experimental infection of CD34 ϩ stem cells in vitro, latent HCMV can be detected in a subpopulation of CD33 ϩ precursor cells that are believed to represent progenitors of myeloid DC (40) . The monocyte-derived macrophages from which HCMV was reported to be reactivated, derived from T cell-stimulated monocytes (11) , also expressed some markers of myeloid DC populations (11) . However, the precise identity of the cells carrying latent HCMV in vivo has, thus far, not been defined. The ability to generate pure populations of DC ex vivo allowed us to analyze the role of this specific cell population in HCMV latency, in detail.
Our results clearly show that HCMV DNA remains latent in myeloid DC progenitors of naturally infected carriers, and carriage of HCMV is maintained upon specific differentiation of these cells to a mature DC phenotype. Further, upon such differentiation and maturation, the induction of viral lytic gene expression from latent virus and an increase in viral genome copy number was observed. Our results show that this induction of lytic gene expression and apparent replication of viral DNA was concomitant with the reactivation of infectious virus from the DC of some healthy seropositive individuals, consistent with DC being a biologically significant site of viral reactivation in vivo.
The induction of IE lytic gene expression from latent viruses represents the critical event required for the switch from latency to reactivation. Analyses in vitro have shown that transcriptional activation of viral IE gene expression from the viral MIEP requires the action of cellular transcription factors (13) (14) (15) (30) (31) (32) and chromatinization of the MIEP (17) . These studies led us to analyze whether chromatin remodeling of the viral MIEP played any role in reactivation of HCMV from latency upon DC differentiation. Our analyses clearly showed that latent HCMV in DC progenitors, in vivo, is in a closed, transcriptionally silent chromatin conformation as indicated by its predominant association with the silencing protein HP1. In contrast, differentia- 5 . Reactivation of naturally acquired HCMV from mature CD34 ϩ cellderived DC. Mature CD34 ϩ cell-derived DC were cocultured with primary HFs for 13 days, and then the supernatant was transferred to new HF monolayers that were subsequently stained for IE gene expression. Supernatants collected from seronegative mature CD34 ϩ cell-derived DC cocultures (a) and three seropositive mature CD34 ϩ -derived DC cocultures (c, e, and g) were tested. The nuclei of infected HF were counterstained with Hoechst 33342 (b, d, f, and h) . tion of these progenitors to mature DC resulted in specific chromatin remodeling of the MIEP whereby its association with HP1 was replaced with an association with acetylated histones, consistent with open, transcriptionally active chromatin and the reactivation of viral lytic IE gene expression. It is highly likely that this remodeling of chromatin around the viral MIEP precedes induction of lytic gene expression and virus reactivation; it seems much less likely that such remodeling could result from viral genomes that have reactivated, and subsequently infected, surrounding DC.
The chromatin remodeling of the MIEP upon ex vivo differentiation of DC progenitors to mature DC was also linked with changes in expression of specific cellular proteins. Although YY1 and ERF, two cellular proteins that have been suggested to repress the viral MIEP in vitro, showed no differential expression, differentiation of DC progenitors to mature DC resulted in the downregulation of HDAC1 protein. HDAC1 is a known corepressor of a number of transcriptional repressors and has been suggested to be intimately involved with transcriptional repression mediated by both YY1 (35) and ERF (47) . Consequently, these observations are entirely consistent with the differentiation-dependent increase in association of the viral MIEP with acetylated histones. Thus, the latency and reactivation of HCMV in vivo appears intimately associated with changes in the host cell transcriptional milieu as myeloid progenitors differentiate to mature DC.
Sporadic episodes of controlled reactivation of HCMV in vivo, consequent on periodic differentiation of myeloid cells to mature DC, might provide a mechanism for the HCMV persistence and intermittent virus excretion seen in healthy seropositive individuals. There is good evidence that in the healthy host, HCMV infection is controlled by the adaptive immune response, particularly by CD8ϩ cytotoxic T lymphocytes (CTL), and we speculate that two observations concerning this immune control might be related to the persistence of HCMV in DC. First, we and others have reported strikingly high frequencies of HCMV-specific CD8ϩ CTL in normal virus carriers, apparently higher than in most other persistent virus infections (42, 43) . Reactivation of HCMV within DC might be predicted to be a particularly efficient method of continually restimulating virus-specific CTL, and at least, in part, explain these high frequencies. Second, the large number of mechanisms HCMV has evolved to inhibit CTL surveillance, reflected in the multiple ''immune evasion'' genes it encodes, might be taken to reflect an especially close relationship between the virus and antigenpresenting cells such as DC and macrophages (44) (45) (46) .
In conclusion, our results show that naturally acquired HCMV genomes are carried in highly purified populations of DC, and differentiation of myeloid cells to mature DC results in the induction of lytic gene expression from this HCMV. Furthermore, our analyses show that the MIEP of naturally acquired HCMV is subject to chromatinization, and chromatin remodeling is a key determinant of latency and reactivation of naturally acquired HCMV in vivo. These data represent analyses of naturally acquired HCMV genomes during latency and the mechanism of their reactivation in vivo. In showing how the virus selectively utilizes the differentiation pathway of key antigen presenting cells to persist in its human host, they also point toward a better understanding of how it may cause disease.
